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Introduction {#sec001}
============

Type 1 diabetes (T1D) develops as a result of endogenous insulin insufficiency due to a destruction of the insulin producing pancreatic beta cells \[[@pone.0142318.ref001]\]. The long held dogma ascribing a 85--90% loss of beta cell mass at disease onset has been recently challenged, and it is now conceivable that sufficient beta cell mass exists near the time of symptomatic onset that, if subjected to the appropriate intervention, might allow for preservation of clinically meaningful metabolic function \[[@pone.0142318.ref001]\]. A limited number of studies in humans have provided evidence consistent with this notion.

In terms of preclinical efforts, interventions with agents aimed at controlling the ongoing autoimmune response (e.g., anti-CD3, murine anti-thymocyte globulin (mATG)) have been shown to revert diabetes in the NOD mouse model (reviewed in 2). Such reversal efficiency can, depending on agent selection, be significantly improved upon combination with agents intended at repair/regeneration of beta cells (e.g., exendin-4, GLP-1) or targeting the development of regulatory mechanisms \[[@pone.0142318.ref002]\]. Indeed, we previously reported that low dose mATG in combination with granulocyte colony stimulating factor (G-CSF) treatment leads to durable reversal of diabetes in NOD mice \[[@pone.0142318.ref003]\] and, more recently, that the same therapy preserves beta cell function in patients with established T1D \[[@pone.0142318.ref004]\]. However, protocols utilizing NOD mice for disease reversal studies are often not standardized \[[@pone.0142318.ref005]\] and, as a result, it is still debated whether administration of insulin at the time of diagnosis and shortly thereafter (i.e., two to four weeks) is fundamental for the success of such a therapeutic approach or, on the contrary, it provides further activation of autoreactive immune cells.

The aim of this work was to test this issue by providing insulin either as drug therapy or by way of allogeneic islet implantation. Rationale for this latter option was that allogeneic islets implanted in diabetic NOD mice, along with provision of a new source of "physiological" insulin, would also "divert the attention" of autoreactive immune cells from self-islets to those implanted. This approach, in combination with an immune-targeting therapy, should provide release to the endogenous pancreas and a window for successful therapeutic intervention.

Materials and Methods {#sec002}
=====================

Animals {#sec003}
-------

NOD/Ltj and Balb/c female mice were purchased from Charles River (Calco, Italy). All mice were maintained under specific pathogen-free conditions. Blood glucose was measured in the morning using an Ascensia Breeze 2 Glucose Meter (Bayer, Leverkusen, Germany). Diabetes was diagnosed after 2 consecutive glucose measurements above 250 mg/dl. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the San Raffaele Hospital Institutional Animal Care and Use Committee (Permit Number: IACUC350). All surgery was performed under isoflurane anesthesia, and all efforts were made to minimize suffering. Mice were sacrificed when blood glucose levels were above 250 mg/dl for 2 consecutive measurements and animals were manifestly suffering (lethargic and motionless) or when blood glucose levels were above 250 mg/dl for 2 consecutive measurements and animals were not manifestly suffering but weight loss was more than 20% (as compared to study entry) \[[@pone.0142318.ref006]\].

Treatments {#sec004}
----------

Murine ATG (mATG) was prepared by immunizing rabbits with pooled thymus cells (Genzyme Corporation) and was administered to diabetic NOD mice via two intraperitoneal (IP) injections of 500 μg provided 72 h apart, for a total dose of 1 μg. Some NOD animals received a subcutaneous LinBit insulin implant (LinShin, Scarborough, ON, Canada), providing sustained release of insulin for approximately 2--3 weeks \[[@pone.0142318.ref003]\]. Other NOD mice received allogeneic islets purified from Balb/c mice and were implanted under the kidney capsule as previously described \[[@pone.0142318.ref007]\]. Some mice underwent kidney removal as previously described \[[@pone.0142318.ref007]\]. Finally, a group of NOD mice were treated, at 12 weeks of age, with 250 mg/kg streptozotocin (Sigma, St. Louis, MO) via IP injection, which is known to cause total beta cell ablation. Failure of the therapy was defined as blood glucose levels \>250 mg/dl for 2 consecutive measurements. Hyperglycemic NOD mice either died spontaneously or were sacrificed when weight loss was higher than 20% \[[@pone.0142318.ref006]\].

Cell staining and enzyme-linked immunosorbent assay (ELISA) {#sec005}
-----------------------------------------------------------

Surface cell staining was performed with anti-CD45 PercP, anti-CD3 APC, anti-CD4 Pacific Blue, and anti-CD25 APC or PeCy7 (all from BD Pharmingen). Foxp3 expression was tested with the Foxp3 staining kit (eBioscience, San Diego, CA; clone FjK-16s). Total pancreatic lymph-node cells (PLN) were cultured for 96 h with anti-CD3 and anti-CD28 mAbs (BD Biosciences, San Jose, CA). Supernatants were collected and IL-10 quantified by a sandwich ELISA using standard commercially available kits (BD Biosciences).

Statistical analyses {#sec006}
--------------------

Statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad Software, La Jolla, CA). One-way ANOVA, unpaired t test with two-tailed testing, Kaplan-Meier survival curves and the log-rank test were used. All data are presented as means ± SEM, with P values \< 0.05 considered significant.

Results {#sec007}
=======

Administration of mATG in combination with a subcutaneously implanted insulin pellet to spontaneously diabetic NOD mice resulted in durable remission from overt hyperglycemia in 40% of treated mice (4 out of 10), confirming our previous findings \[[@pone.0142318.ref003]\]. The same reversal effect was not reached in the absence of insulin pellet ([Fig 1A](#pone.0142318.g001){ref-type="fig"}), which provides sustained insulin release for approximately 2--3 weeks from implantation \[[@pone.0142318.ref003]\]. The failure of mATG in curing diabetes in the absence of insulin co-administration did not appear to correlate with blood glucose levels at the time of therapy, yet we confirmed that the therapeutic success of mATG and insulin was largely limited to starting blood glucose values of 380 mg/dl and below ([Fig 1B](#pone.0142318.g001){ref-type="fig"}) \[[@pone.0142318.ref003]\]. This demonstrates that, in diabetic NOD mice, the therapeutic effectiveness of mATG is not reached in the absence of concomitant insulin administration.

![(A) NOD mice with two consecutive blood glucose screenings \> 250 mg/dl were treated with mATG + insulin pellet (filled circles, n = 10), or mATG (empty squares, n = 9), or left untreated (asterisks, n = 10). Kaplan-Meyer curves where the endpoint was stable normal glycemia are shown (log-rank test, P = 0.047). (B) Blood glucose levels at study entry (i.e., the day the first mATG dose was administered) are shown per each treated mouse and are divided based on endpoint reached (i.e., success--stable normal glycemia achieved) or not reached (i.e., failed---stable normal glycemia not achieved) (\*unpaired t-test, *P* = 0.034).\
None of the animals used in these experiments died spontaneously.](pone.0142318.g001){#pone.0142318.g001}

An alternative and theoretically better-controlled release of insulin was considered to be the implantation of purified functional pancreatic islets. Thus, studies were also performed where the insulin pellet was replaced by allogeneic purified islets implanted under the kidney capsule of diabetic NOD mice with starting blood glucose levels between 250 and 380 mg/dl. Allogeneic islets were used rather than those syngeneic for two distinct reasons: (i) in a desire of translating data generated in murine models into humans the possibility to use autologous islets in patients with T1D is, at this moment, extremely scanty; and (ii) allogeneic islets can serve as a source of non-self antigens that would, at least transiently, divert the ongoing immune response from self-islets to those implanted. Thus, diabetic NOD mice received islets from Balb/c animals alone or in combination with mATG treatment. Allogeneic islets and mATG therapy led to an overall survival rate of 85% (6 out 7 animals) while, as expected, none of the mice treated with allogeneic islets alone survived longer than 25 days post onset, despite the two groups having similar blood glucose levels at diabetes onset ([Fig 2](#pone.0142318.g002){ref-type="fig"}).

![Spontaneously diabetic NOD mice were treated with mATG + allogeneic islets (filled circles, n = 7), or allogeneic islets only (asterisks, n = 8).\
Kaplan-Meyer curves where the endpoint was death/sacrifice are shown (log-rank test, P = 0.006). Mice died spontaneously of hyperglycemia (n = 3) or were sacrificed when weight loss was higher than 20% (n = 6).](pone.0142318.g002){#pone.0142318.g002}

Interestingly, steady normoglycemia in allogeneic islets and mATG-treated NOD mice was not provided by tolerated implanted allogeneic islets but rather by syngeneic islets released from the burden of autoimmunity. Indeed, all NOD mice cured of diabetes by mATG and islet therapy restored steady normoglycemia 23 days after treatment (mean ± 7.3 SEM) and remained normoglycemic even upon removal of the kidney containing the implanted allogeneic islets. This was proven by a strict time course analysis of glucose levels following diabetes onset, treatment and nephrectomy ([Fig 3](#pone.0142318.g003){ref-type="fig"}). Of note, 4 out of 6 NOD mice successfully cured of diabetes by mATG and islets therapy returned hyperglycemic at 18 days post treatment (mean ± 3.3 SEM) but only for a limited time of 9 days (mean ± 2.8 SEM) ([Fig 3](#pone.0142318.g003){ref-type="fig"} --mice 004→007). Following this short hyperglycemic state, all mice eventually returned to stable normoglycemia. These data suggest that rejection of allogeneic islets occurs in all allogeneic islets and mATG-treated mice, in some with a manifest but transient hyperglycemic state, consequently providing for stable healing of endogenous islet function.

![Blood glucose levels of diabetic NOD mice shown in [Fig 2](#pone.0142318.g002){ref-type="fig"} are presented grouped (islets, n = 8---upper left) or individually (mATG+islets mouse 001→007).\
The age (in weeks, wk) at which the mice entered the study is also reported as median±SD for islets treated animals and individually for mATG+islets treated animals. Horizontal dashed lines indicate blood glucose level above which mice are considered diabetic (i.e., 250 mg/dl). Vertical dashed lines filled with grey area indicate the time of transient hyperglycemia post-treatment. Arrows indicate the day of nephrectomy. Blood glucose levels are reported from the day of study entry until sacrifice (when weight loss was more than 20%) or upon spontaneous death for hyperglycemia.](pone.0142318.g003){#pone.0142318.g003}

To further prove endogenous islet recovery upon allogeneic islets and mATG therapy, the exact same treatment was administered to NOD mice turned diabetic upon administration of streptozotocin (STZ) at 12 weeks of age when still normoglycemic. STZ-induced diabetic NOD mice were implanted with allogeneic islets and treated (or not) with mATG. All STZ-treated diabetic NOD mice promptly returned normoglycemic upon islet implantation. Nevertheless they all resumed hyperglycemia. Mice treated with mATG and islets returned to hyperglycemia with a significant delay (46 days±8.9; mean±SEM) in comparison to those receiving only allogeneic islets (17 days±1.4; mean±SEM). However, none of the STZ-induced diabetic NOD mice treated with mATG and islets remained stably normoglycemic ([Fig 4](#pone.0142318.g004){ref-type="fig"}).

![NOD mice were treated with streptozotocin (STZ) at 12 weeks of age.\
Diabetic STZ-NOD mice were treated with mATG + allogeneic islets (filled circle, individual animals are shown n = 4), or allogeneic islets (asterisk, n = 5 mice are grouped and mean±SEM values are shown per each time point). Horizontal dashed lines indicate blood glucose level above which mice are considered diabetic (i.e., 250 mg/dl). Blood glucose levels are reported from the day of study entry until sacrifice (when weight loss was more than 20%) or upon spontaneous death for hyperglycemia (n = 2).](pone.0142318.g004){#pone.0142318.g004}

To test whether allogeneic islets and mATG therapy in spontaneously diabetic NOD mice contributes to restored tolerance to self-islets via induction of immune-regulation, regulatory cells were tested in the pancreas draining lymph-nodes (PLN) and in the spleen of stably reversed NOD mice (*i*.*e*., 26 days±5.5 normoglycemic after nephrectomy; mean±SEM). CD4^+^Foxp3^+^ T cells and IL-10 producing cells were found significantly expanded in PLN, and not in the spleen, of treated mice thus suggesting the induction of active regulatory mechanisms still detectable more than 100 days after treatment ([Fig 5](#pone.0142318.g005){ref-type="fig"}).

![NOD mice shown in [Fig 3](#pone.0142318.g003){ref-type="fig"} (mATG+islets 002, 005, 007) were sacrificed at the end of the study and pancreatic lymph-nodes collected (black bars, n = 3).\
In parallel, normoglycemic NOD mice (10 week olds, grey bars, n = 2) and diabetic NOD mice (20 week olds, squared bars, n = 3) were sacrificed and used as controls. The frequency of CD4^+^Foxp3^+^ T cells was tested by flow cytometry (upper panel) and the amount of IL-10 released by total pancreatic lymph-node cells upon polyclonal activation was measured by ELISA (lower panel) (mean±SEM are shown and One-way ANOVA, \*\*\* P≤0.0005).](pone.0142318.g005){#pone.0142318.g005}

Discussion {#sec008}
==========

This study shows that provision of allogeneic islets to spontaneously diabetic NOD mice, having some levels of preserved islet mass and/or function, in combination with immune depletion, leads to restored tolerance to self-islets upon rejection of those of allogeneic origin. CD4^+^Foxp3^+^ Treg cells and IL-10--producing cells are found expanded/induced in the pancreatic draining lymph-nodes of stable normoglycemic animals, even over 100 days after treatment.

The existence of a sufficient beta cell mass that can recover near the time of symptomatic onset is now accepted \[[@pone.0142318.ref008]\], and our data further corroborate this notion in NOD mice. In addition to that, our results now suggest that, even in the absence of an islet-regenerative therapy (e.g., GLP-1 or exendin-4) \[[@pone.0142318.ref009]\] or an additional immunomodulatory treatment (e.g., G-CSF) \[[@pone.0142318.ref003]\], mATG combined with allogeneic islets leads to restored tolerance to self-islets, likely via regulatory-mediated mechanisms. Immune resetting with mATG is required since implantation of allogeneic islets alone did not restore tolerance to self-antigens.

It has already been demonstrated that mATG can be tolerogenic \[[@pone.0142318.ref010],[@pone.0142318.ref011]\], but our previous study showed that mATG + insulin pellet had a low reversal capacity in vivo and the frequency of Tregs were not changed compared to untreated control NOD mice. In contrast, the addition of G-CSF was needed to improve reversal rates and to lead to expansion/generation of CD4^+^CD25^+^FoxP3^+^ Tregs \[[@pone.0142318.ref003]\]. This suggests that the concomitant administration of allogeneic islets might somehow potentiate the mATG activity in vivo. Alternatively, differences in the results might be due to variances in the time points of analysis between these two studies (i.e., 60 days after treatment in our previous work \[[@pone.0142318.ref003]\] and more than 100 in our current study).

Taken together, our data provide a fertile ground for considering several mechanistic hypotheses, ones not mutually exclusive. Namely: (i) hyperglycemia observed in diabetic NOD mice may not be due to beta-cell death but rather to deterioration of beta-cell function with consequent failure in insulin release (potentially recoverable); (ii) allogeneic islets implanted under the kidney capsule provides glucose homeostasis (for at least 10/15 days after implant even in the absence of any treatment); (iii) immune cells are likely deviated from the pancreas to the kidney where allogeneic islets have been implanted and a new fresh inflammation occurs, allogeneic antigens are presented, and relevant self-antigens have been reintroduced in a dangerous environment; (iv) endogenous beta-cells are metabolically relieved and re-start producing insulin. If no therapy is provided, once the immune system rejects the newly implanted allogeneic islets, it returns to be active against the pancreas. On the contrary, in the presence of immune-modulating therapy, such as mATG, the kidney-attracted immune cells (both self- and allo-reactive) are controlled and active mechanisms of regulation (such as CD4^+^Foxp3^+^ Tregs and IL-10 producing cells) are also generated. This re-balanced immune system is no longer more harmful to the pancreas, which has recovered close to its normality. Alternatively, immune cells may remain in the pancreas while new Tregs are generated in the transplant, where new antigens are released and are then, attracted to the pancreas, mediating active immune-regulation and self-tolerance restoration. We also cannot exclude that graft-derived factors play a key role in modulating immune cells, thus leading to effector cell deletion or immune deviation. To be clear, formal proofs for each of these hypotheses are still lacking and need be the subject of future investigation.

While our study provides for a series of new hypotheses, we must emphasize its limitations. First, at this point we cannot exclude that allogeneic islets, in addition to restoring euglycemia via insulin release, are also contributing to the observed immune-deviation via release of other factors. Second, to prove that allogeneic islets "attract" self-reactive cells and thus distract the immune system from self-attack one should administer to diabetic animals any other cell type of allogeneic origin in combination with a euglycemia-restoring treatment. In addition, in the absence of histological analysis of tissues (e.g., pancreas and transplanted islets) it is impossible to know the processes that influenced disease outcomes within the target organs. Lastly, although the tolerogenic markers that were tested (IL-10 production and Foxp3^+^ T cells) are suggestive of a Treg-mediated mechanism, formal proof of an active regulatory process is still lacking. However, our previous experiences in the same animal model are highly supporting of such a mechanism \[[@pone.0142318.ref012],[@pone.0142318.ref013]\].

All in all, these data provide compelling support for the use of a more "aggressive" but transient therapeutic approach in patients with recent-onset T1D with the aim of deviating the immune system from self- to allogeneic-cells thus leaving a temporary window for immune-depletion/modulation to be more effective and for endogenous beta-cells to recover.
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